In contrast to the local axons of GABA neurons of the cortex and hippocampus, lateral hypothalamic neurons containing melanin concentrating hormone (MCH) and GABA send long axons throughout the brain and play key roles in energy homeostasis and mental status. In adults, MCH neurons maintain a hyperpolarized membrane potential and most of the synaptic input is inhibitory. In contrast, we found that developing MCH neurons received substantially more excitatory synaptic input. Based on gramicidin-perforated patch recordings in hypothalamic slices from MCH-green fluorescent protein transgenic mice, we found that GABA was the primary excitatory synaptic transmitter in embryonic and neonatal ages up to postnatal day 10. Surprisingly, glutamate assumed only a minor excitatory role, if any. GABA plays a complex role in developing MCH neurons, with its actions conditionally dependent on a number of factors. GABA depolarization could lead to an increase in spikes either independently or in summation with other depolarizing stimuli, or alternately, depending on the relative timing of other depolarizing events, could lead to shunting inhibition. The developmental shift from depolarizing to hyperpolarizing occurred later in the dendrites than in the cell body. Early GABA depolarization was based on a Cl Ϫ -dependent inward current. An interesting secondary depolarization in mature neurons that followed an initial hyperpolarization was based on a bicarbonate mechanism. Thus during the early developmental period when food consumption is high, MCH neurons are more depolarized than in the adult, and an increased level of excitatory synaptic input to these orexigenic cells is mediated by GABA.
Introduction
Melanin concentrating hormone (MCH) neurons play an important role in the regulation of energy homeostasis. Intracerebral injection of MCH increased food intake in rodents (Qu et al., 1996; Rossi et al., 1997) . MCH-deficient mice have reduced food intake and a lean phenotype (Shimada et al., 1998) . MCH receptor-deficient mice also have a reduced body weight (Marsh et al., 2002) . Fasting increases MCH mRNA expression (Qu et al., 1996) . During early development, animals and humans tend to eat frequently to provide the nutrition necessary for growth and development (Hall and Rosenblatt, 1978; Blass and Teicher, 1980; Matheny et al., 1990) ; in part this may be due to an increased activity of orexigenic neurons. MCH is a cyclic 19-aminoacid peptide (Saito et al., 1999) synthesized in the hypothalamus, primarily in the lateral region. MCH neurons send long axonal projections throughout the CNS (Bittencourt et al., 1992) and the MCH receptor has a wide distribution throughout the brain (Lembo et al., 1999) indicating that MCH neurons may modulate many different CNS functions. MCH receptor antagonists have antidepressant effects (Borowsky et al., 2002) .
GABA is the dominant inhibitory neurotransmitter in the adult hypothalamus (Tappaz et al., 1982; van den Pol and Tsujimoto, 1985; van den Pol, 1986; Decavel and van den Pol, 1990) . In mature neurons, GABA hyperpolarizes the membrane potential and reduces input resistance (Kim and Dudek, 1992; Tasker and Dudek, 1993) . MCH neurons colocalize the amino acid transmitter GABA and its synthesizing enzyme glutamate decarboxylase (Elias et al., 2001 (Elias et al., , 2008 Dallvechia-Adams et al., 2002) . The primary synaptic input to adult MCH neurons is GABA mediated (van den Pol et al., 2004) , underlining the importance of GABA regulation of the activity of MCH cells. In mature identified MCH neurons, GABA is inhibitory (Gao et al., 2003; van den Pol et al., 2004) .
GABA excitation during development plays a role in neurogenesis, cell migration, differentiation and synapse formation (Barbin et al., 1993; LoTurco et al., 1995; Heck et al., 2007; Wang and Kriegstein, 2008) . Early excitatory actions of GABA have been found throughout the brain (Connor et al., 1987; Yamashita and Fukuda, 1993; Obrietan and van den Pol, 1995) , but have been studied in depth primarily in cortical structures such as the hippocampus and cortex (Ben-Ari et al., 1989; Cherubini et al., 1991; Yuste and Katz, 1991; Ben-Ari, 2002; Owens and Kriegstein, 2002) . In the hippocampus, a primary role of depolarizing GABA actions is to remove the voltage-dependent Mg 2ϩ block of the NMDA receptor, facilitating a glutamate-mediated giant depolarizing potential (Ben-Ari et al., 1989) . Increasingly sophisticated models of how GABA and glutamate interact during development are based in large part on studies of excitatory py-ramidal neurons with long projection axons. The GABA neurons in cortex and hippocampus are primarily involved in local inhibition. In striking contrast to cortical regions, many inhibitory neurons of the hypothalamus send long axons outside the hypothalamus; long efferent inhibitory axons arise not only from the MCH neurons which send extensive long axons throughout the CNS, but also from the GABA neurons of the suprachiasmatic and arcuate nuclei (Elias et al., 1998) . Mature synaptic input to the MCH neurons shows a preponderance of GABA, with substantially less excitatory input than found in cortical regions. These findings suggest that GABA excitation in the developing hypothalamus may not fully follow models developed in cortex or hippocampus.
To study the actions of GABA on a developing GABAergic neuron that projects widely throughout the brain, we used gramicidin-perforated patch and whole-cell recording in hypothalamic slices from transgenic mice that express GFP selectively in MCH neurons.
Materials and Methods
Hypothalamic slices. We used transgenic mice that express enhanced green fluorescent protein (GFP) selectively in MCH neurons (van den Pol et al., 2004) . One experiment includes a comparison with hypocretin/ orexin neurons, detected in a different transgenic mouse (from Dr T.Sakurai) expressing GFP selectively in hypocretin neurons (Li et al., 2002) . Briefly, embryonic to 56-d-old adult MCH-GFP transgenic mice were anesthetized with hypothermia (embryonic and early neonatal) or Nembutal (100 mg/kg) and decapitated. The brains were quickly removed and immersed in an ice-cold and oxygenated (95% O 2 , 5% CO 2 ) high-sucrose solution containing the following (in mM): 220 sucrose, 2.5 KCl, 6 MgCl 2 , 1 CaCl 2 , 1.23 NaH 2 PO 4 , 26 NaHCO 3 and 10 glucose, adjusted to pH 7.4 with NaOH. Coronal hypothalamic slices (250 -400 m thick) containing MCH neurons were cut on a vibratome and then incubated for at least 2 h at room temperature in an oxygenated (95% O 2 , 5% CO 2 ) artificial CSF (ACSF) solution containing the following (in mM): 124 NaCl, 3 KCl, 2 CaCl 2 , 2 MgCl 2 , 1.23 NaH 2 PO 4 , 26 NaHCO 3 and 10 glucose, adjusted to pH 7.4 with NaOH. After the incubation period, slices were transferred to a recording chamber (0.5-1.0 ml volume) and perfused continuously with oxygenated (95% O 2 , 5% CO 2 ) ACSF preheated to 32°C. The recording chamber was mounted on the stage of an Olympus BX51WI upright microscope equipped with a 40ϫ water-immersion objective (Olympus). Experiments were approved by the Yale University Committee on Animal Care and Use.
Patch-clamp recordings. Whole-cell patch recordings were collected from GFP-expressing MCH neurons. Individual MCH neurons were visualized using a differential interference contrast (DIC) optical system combined with an infrared (IR) filter, a GFP fluorescent filter, a monochrome CCD camera and a monitor. Electrodes used for whole-cell recordings were pulled from thin-walled borosilicate glass capillary tubes (World Precision Instruments) and had resistances between 4 and 6 M⍀ when filled with recording solution containing the following (in mM): 145 KMeSO 4 , 1 MgCl 2 , 10 HEPES, 1.1 EGTA, 2 Mg-ATP, and 0.5 Na 2 -GTP, adjusted to pH 7.3 with KOH. HEPES buffer was used in some experiments (in mM: NaCl 150, KCl 2.5, MgCl 2 2, CaCl 2 2, HEPES 10, glucose 10, pH was adjusted to 7.4 with NaOH). The pipette resistance was 2-3 M⍀ for pipettes used for perforated whole-cell patch-clamp recording. Neurons in which the series resistance was Ͼ20 M⍀ and changed by Ͼ15% during the experiment were judged unstable, and were excluded from the statistics.
Most of the experiments are based on recordings with gramicidinperforated patches. Gramicidin-perforations are advantageous in that they allow recording without disturbing the intracellular level of Cl Ϫ (Ebihara et al., 1995; Chen et al., 1996; Fu and van den Pol, 2007) . Recordings were made using an EPC-9 amplifier with Pulse 8.5 software (HEKA). A Grass SD9 stimulator was used for electric stimulation of slices (Grass Medical Instruments). Data were analyzed using Pulsefit 8.5
and Axograph 4.8 and exported to IgorPro Carbon 4.07 software (WaveMetrics) to make plots and perform statistical analysis.
PSCs were recorded at a holding potential of -60 mV. Only events with amplitudes Ͼ5 pA were counted. This procedure has been described in detail previously (Gao and van den Pol, 1999) . Kolmogorov-Smirnov statistical tests were used to measure the cumulative probability of synaptic events. The statistical test used, except where indicated, was a oneway ANOVA. In the text and figures, values are presented as a mean Ϯ SE and p Ͻ 0.05 was considered statistically significant.
Pressure application (3-5 psi, 4 -6 ms) with a Picospritzer II (ParkerHannefin, Fairfield, NJ) was used to deliver muscimol locally to dendrites or soma. The tip of the application pipette (1 m diameter tip) was positioned 4 -10 m away from dendrites or soma. Bath applications of drug were applied at the concentrations indicated. Stock solutions for all drugs were prepared and kept frozen until immediately before flow pipette (400 m diameter tip) delivery or bath application. TTX was obtained from Alomone Labs. GABA, muscimol bromide, bicuculline methiodide (BIC), DL-2-amino-5-phosphonovaleric acid (AP-5), 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) were from Sigma-Aldrich.
Results

The MCH promoter is active early in hypothalamic development
We first examined the expression of GFP under control of the MCH promoter during early brain development. Substantial GFP could be detected in sections from embryonic hypothalamus. GFP expression is clearly seen at embryonic day 18 (E18) (Fig. 1 A-C) and postnatal day 1 (P1) (Fig. 1 D) . The early expression of GFP allowed us to record selectively from these cells during embryonic and neonatal stages, and suggests that these cells synthesize MCH early in development, consistent with data from other species (Bresson et al., 1987; Steininger et al., 2004; Mancera and Fernández-Llebrez, 1995) .
Negative shift in Cl
؊ reversal membrane potential during MCH neuron development Both the Cl Ϫ reversal potential and the resting membrane potential (RMP) can influence the polarity of GABA responses in neurons. To investigate developmental shifts in MCH neurons, we used MCH-GFP transgenic mice ranging in age from E20 to adult P56. The perforated whole-cell patch recording technique was used so that the intracellular Cl Ϫ concentration was not artifactually changed by perfusion with the pipette solution (Ebihara et al., 1995) . The holding potential of MCH neurons was systematically varied between Ϫ20 mV, Ϫ40 mV, Ϫ60 mV and Ϫ80 mV. Application of the GABA A agonist muscimol (50 M) to MCH neurons produced either an inward or outward current depending on the holding potential ( Fig. 2 A-C) . GABA reversal membrane potentials and resting membrane potentials (RMP) were determined for each neuron and plotted as a function of age (Fig.  2 D) . The reversal potentials of the muscimol-evoked currents ranged from Ϫ32 mV to Ϫ60 mV in E20 -P9 MCH neurons, and from Ϫ54 mV to Ϫ72 mV in P10 -P56 neurons (n ϭ 53). The RMPs of E20 -P10 MCH neurons were between Ϫ40 mV and Ϫ58 mV, and between Ϫ48 mV and Ϫ64 mV for P10 -P56. Both Cl Ϫ reversal potentials and recorded RMPs became more negative with cellular maturity; in immature cells the E Cl Ϫ was positive to the RMP up to P10, and negative to the RMP in cells older than P10 (Fig. 2 D) . Muscimol depolarized the membrane potential during early periods of MCH neuron development from E20 -P12, but hyperpolarized the membrane potential in P10 -adult neurons.
Between P8 and P12, muscimol (50 M) depolarized some MCH neurons and hyperpolarized others in the same slice, sug-gesting that MCH neurons can respond to GABA with either an excitatory or inhibitory action during this period. Thus during development, both the resting membrane potential and the GABA reversal potential move in a negative direction. The GABA reversal potential passes the resting membrane potential by about P10, and stabilizes ϳ10 mV negative to resting potential in the mature MCH cell. A number of reports have suggested that the RMP of developing neurons becomes more negative with maturity (Spigelman et al., 1992; Zhou and Hablitz, 1996) . One factor that may influence this apparent trend is the combination of leak currents during recording coupled with the reduced input resistance in mature neurons (Tyzio et al., 2008) . To account for this, the apparent RMP was subtracted from the E GABA to generate the curve in Figure 2 E, giving a trend for E GABA relative to the RMP.
Early depolarizing action of GABA dependent on Cl
؊ , secondary depolarization of mature neurons dependent on bicarbonate GABA-mediated depolarization could be due to Cl Ϫ efflux, or to a bicarbonate flux (Kaila et al., 1993) . When cells were recorded in a HEPES buffer, the GABA depolarization mediated by bicarbonate is blocked (Staley et al., 1995) . To test which mechanism was operating in the developing MCH cell, we compared the effect of the GABA agonist on neurons in our normal bicarbonate-based ACSF and HEPES buffers using gramicidin-perforation recording. In developing neurons Ͻ10-d-old, muscimol evoked similar amplitude depolarizing actions in both buffers (Fig. 3A , 11 Ϯ 2.2 mV in bicarbonate-buffered solution; 10.5 Ϯ 1.4 mV in HEPES-buffered solution, n ϭ 6), suggesting that the mechanism underlying GABA-mediated depolarization was based primarily on Cl Ϫ efflux from the recorded cell.
In mature MCH neurons (P30 or older), a brief application (ϳ2 s) of muscimol (20 M) evoked only a hyperpolarization in bicarbonate-buffered solution (7 Ϯ 2.6 mV, n ϭ 12) or HEPES solution (8 Ϯ 2.4 mV, n ϭ 6) with no subsequent depolarization (Fig. 3B ). In contrast, extended application of muscimol (20 M) induced an initial hyperpolarization (Ϫ5 Ϯ 1 mV) followed by a late slow depolarization (11 Ϯ 2.2 mV, n ϭ 6) in bicarbonate-buffered ACSF (Fig. 3C,D) . When MCH cells were perfused with HEPES solution, extended application of muscimol then evoked only a hyperpolarization ( Fig. 3C , 10 Ϯ 2.4 mV; Fig. 3D ) without a secondary depolarization. This suggests that in older MCH neurons, muscimol has an initial hyperpolarizing action mediated by an inward Cl Ϫ movement, followed by a secondary depolarization mediated by bicarbonate.
Delayed maturation of dendrites relative to soma with respect to GABA response
The density and composition of Cl Ϫ transporters may vary in the cell body and dendrites, and this may result in differing Cl Ϫ levels in different regions of the somatodendritic complex. To determine whether Cl Ϫ concentrations in MCH neuronal dendrites and soma are the same, different stages of development were tested, including three groups consisting of P5-P7, P10 -P12 and P18 -P24. MCH neurons were recorded with a patch pipette on the soma using perforated whole-cell recording and muscimol (50 M) was microapplied to either the dendrites (100 m-250 m from the parent cell body) or the soma with pressure application (4 -6 psi, 5-8 ms) from a micropipette with a diameter of 1 m that allowed very focal application of the GABA agonist (Fig. 4 E) . When muscimol was puffed to either the dendrite or soma, P5-P7 neurons displayed a depolarization response (Fig. 4A ). Dendritic application of muscimol depolarized the membrane potential by 7.9 Ϯ 0.5 mV (P5-P7, n ϭ 6, p Ͻ 0.05, ANOVA) and application to the soma depolarized the membrane potential by 6.3 Ϯ 0.3 mV (P5-P7, n ϭ 6, p Ͻ 0.05, ANOVA) (Fig. 4D) .
P10 -P12 MCH neurons depolarized following application of muscimol (50 M) to the dendrite. In contrast, these same neurons displayed a hyperpolarizing response when muscimol was applied to the soma (Fig. 4 B) . Dendritic application of muscimol induced a 1.9 Ϯ 1.8 mV depolarization in membrane potential (P10 -P12, n ϭ 6, p Ͼ 0.05, ANOVA), but application to the soma hyperpolarized the membrane potential by Ϫ3.4 Ϯ 1.7 mV (P10 -P12, n ϭ 6, p Ͼ 0.05, ANOVA) (Fig. 4 D) . P18 -P24 MCH neurons were hyperpolarized by muscimol (50 M) application to either the dendrites or soma (Fig. 4C) . Dendritic application of muscimol to these neurons hyperpolarized the membrane potential by Ϫ7.1 Ϯ 0.4 mV (P18 -P24, n ϭ 6, p Ͻ 0.05, ANOVA) and application to the soma hyperpolarized the membrane potential by Ϫ10 Ϯ 0.6 mV (P18 -P24, n ϭ 6, p Ͻ 0.05, ANOVA) (Fig. 4 D) . These results suggest that, during the P10 -P12 developmental period, the reversal membrane potential of Cl Ϫ in the dendrite is positive relative to the resting membrane potential, whereas in the same neuron, the Cl Ϫ reversal membrane potential of the cell body is negative relative to the resting membrane potential.
GABA initiates spikes in silent developing MCH neurons
GABA depolarization could be excitatory and lead to spike initiation, or could lead to shunting inhibition. If GABA is excitatory to developing MCH neurons, then it would be expected to initiate spike activity in these cells. When muscimol (10 M) was puffed onto the soma of P5 MCH neurons using a brief 4 -6 ms duration setting, the cell generated one spike following each application of muscimol (Fig. 5A1) . Figure 5A2 is a higher resolution trace of one of the spikes shown in Figure 5A1 . When a positive current was injected (100 pA, 2 ms) into developing P5 MCH neurons, a spike was evoked after each current injection. Whereas the application of muscimol depolarized the cell, it blocked the current injection-induced spike (Fig. 5B) . To investigate further the mechanisms that underlie depolarization leading to excitation versus inhibition, the experiments below were undertaken.
We investigated how input resistance changed during the responses to muscimol. A negative current (30 pA, 500 ms) was injected into P5 MCH neurons repeatedly, as shown in Figure 5C ; muscimol depolarized the cell and reduced the input resistance, with the lowest input resistance found at the peak of the depolarization. The input resistance began to recover after the peak depolarization, and showed full recovery by the time the membrane potential returned to control levels. We next injected positive current (15 pA, 20 ms) at various intervals to depolarize the membrane potential (Fig. 5D2 ) and emulate responses due to excitatory transmitters such as glutamate. Muscimol induced an inward current (Fig. 5D3) and depolarization (Fig. 5D1) . Positive current injection at the peak depolarization and peak current induced a further small depolarization, but no spike. The muscimolinduced current showed a faster recovery than did the membrane potential. With the recovery of the current, due to the closing of Cl Ϫ channels, the input resistance also recovered, and thus the second and third current injections initiated spikes at a time during which the resting membrane potential showed only partial recovery. This suggests that GABA can initiate spikes or induce shunting inhibition in the same developing cell, depending on timing relative to ion channel closure while the membrane potential is still depolarized.
GABA can enhance or reduce spike probability depending on timing To determine the importance of timing of GABA actions relative to other excitatory stimuli, muscimol application was coupled with direct current injection of the recorded cell, emulating excitatory synaptic input. To evoke a depolarization, subspike threshold inward current (20 -30 pA) was injected into the recorded cell in P5 MCH neurons. Brief puff application of muscimol (10 M, arrow) was also used to induce depolarization. When muscimol was puffed independent of current injection, both stimuli evoked a depolarization, but no spike was generated (Fig. 5 E, F ) . Similarly, when muscimol was puffed a few milliseconds before the current injection, no spike was generated (Fig. 5G) . However, puff application of muscimol consistently evoked a spike when it was applied a couple of ms after the initiation of the current injection ( Fig. 5 H, I ). With this short interval, and only within this interval, current injection acted synergistically with GABA application to evoke an action potential. If a suprathreshold current injection was used, then application of GABA before the current injection reduced the spike probability (data not shown). In older P15 MCH neurons, injection of inward current (20 -30 pA) induced depolarization, and puff application of muscimol consistently induced hyperpolarization; at this age, spikes were not evoked regardless of the temporal relationship between the two stimuli (Fig. 5J ) .
GABAergic postsynaptic activity is predominant in developing MCH neurons, but not in nearby developing hypocretin neurons
MCH neurons (P7-P8) were set at a Ϫ60 mV holding potential using perforated whole-cell recording. Under these conditions, the frequency of postsynaptic currents (PSCs) was 4.4 Ϯ 1.5 Hz (n ϭ 6). BIC (30 M) substantially reduced the frequency of PSCs to 8 Ϯ 3.3% of control (P7-P8, n ϭ 6, p Ͻ 0.05, ANOVA) (Fig.  6 A, B) . After washout, the frequency of PSCs returned to 92 Ϯ 6.6% of the control. In contrast, AP-5 (50 M) and CNQX (10 M) had no significant effect on the frequency of PSCs (16% reduction, n ϭ 6, p Ͼ 0.05, ANOVA) (Fig. 6 A, B) . After washout, the frequency of PSC was 91 Ϯ 6% of the control. These data suggest that most synaptic events in these developing MCH cells are due to GABA release.
Hypocretin/orexin neurons are interspersed with MCH neurons in the lateral hypothalamus, and project to many of the same regions of the brain (Bittencourt et al., 1992; Broberger et al., 1998; Peyron et al., 1998) . The hypocretin neuropeptide is expressed at birth, and physiological responses to hypocretin are found at birth, indicating early maturation of the hypocretin system (van den Pol et al., 2001) . To determine whether the GABAergic responses of MCH cells are unique or shared with other neurons in the same anatomical region, hypocretin neurons (P7-P8) were tested, and, unlike MCH neurons, showed primarily glutamatergic postsynaptic activity. Application of BIC (30 M) to hypocretin neurons yielded no significant effect on the frequency of PSCs (92 Ϯ 5.3% of the control, ANOVA, p Ͼ 0.05, Fig. 6C,D) . After BIC was washed out, the frequency was 95 Ϯ 6.6% of the control. AP-5 (50 M) and CNQX (10 M) significantly decreased the frequency of PSCs to 14.5 Ϯ 8.8% of the control (n ϭ 6, p Ͻ 0.05, ANOVA, Fig.  6C,D) . After washout of AP-5 and CNQX, the frequency of PSC returned to 96 Ϯ 6% of the control. Together, these results suggest that developing MCH neurons at P7/P8 receive predominantly GABAergic input, whereas developing hypocretin neurons receive a greater amount of glutamatergic rather than GABAergic input.
The study of spontaneous synaptic activity above may not reveal the actions of silent synapses, possibly glutamatergic, on MCH neurons. To study active ϩ silent synapses, in parallel experiments, we enhanced synaptic activity by electrically evoking postsynaptic currents from developing MCH neurons ϽP10 to test further what type of input MCH neurons receive. A bipolar stimulation electrode was placed at least 300 m away (medial or lateral) from the recorded neuron. Electrical stimulation (50 -100 A, 0.2-0.5 ms, 0.1-0.2 Hz) evoked an inward postsynaptic current (Amplitude: 15 Ϯ 3 pA, Fig. 6 E, left) . Application of BIC (30 M) completely blocked this evoked postsynaptic current (Fig. 6 E, middle) , indicating that the current was mediated by GABA. In contrast, the glutamate receptor antagonists AP-5 (50 M) and CNQX (10 M) showed relatively little attenuation of the evoked inward current (95 Ϯ 2.5% of the control, Fig. 6 E, right) . Thus at this stage of development, GABA accounts for a greater excitatory synaptic current than does glutamate.
Excitatory synaptic input is primarily GABAergic in early development
In the paragraph above, we examined the contribution of GABA to synaptic events. To test whether GABA is the predominant excitatory neurotransmitter driving action potentials in developing MCH neurons, we used theta glass pipettes as bipolar electrodes to evoke synaptic responses in MCH neurons. The tungsten electrode was placed 300 m away (medial or lateral) from the recorded neuron. The experiment was performed using P4 -P9 MCH neurons. Electrical stimulation (30 -70 V, 1 ms, 0.25 Hz) evoked spikes on P4 MCH neurons (Fig. 7 A, B) . When BIC (30 M) was perfused in the bath, the electrical stimulation failed to initiate spikes, suggesting a dependence on synaptically activated GABA-A receptors. The evoked spikes returned after washout of BIC. In contrast, when AP-5 (50 M) and CNQX (10 M) were perfused in the bath, electrical stimulation still initiated spikes. This finding suggests that developing MCH neurons are excited to generate action potentials primarily by GABA input, and glutamate plays an inconsequential role in spike initiation.
When an older P9 slice was stimulated electrically, BIC (30 M) blocked synaptically evoked spikes. AP-5 (50 M) and Figure 5 . Muscimol-induced depolarization of MCH neurons could initiate spikes or shunt other stimulation-induced excitation during early development. A1, Trace from a typical cell showing that muscimol (vertical arrows, 10 M) induces spikes (RMP, Ϫ45 mV). A2, Faster time scale of a spike shown in A1. B, A P2 MCH neuron was injected with a positive current every1stoinitiate spikes (RMP, Ϫ42 mV). Muscimol (25 M) depolarized the neuron, transiently reducing spikes. Arrows in panels indicate muscimol puff application. C, Muscimol (30 M) depolarized the developing MCH neuron and reduced input resistance at peak depolarization. D, Electrical stimulation initiated action potentials only after muscimol-induced current returned to control level but before membrane potential returned to control level. A single MCH neuron was used in D1-D3. D1, Current clamp, electrical stimulation alone depolarized the membrane potential, the first electric stimulation right after the application of muscimol induced further depolarization of the membrane potential but no spike, the second and third electric stimulations initiated spikes (RMP, Ϫ48 mV). D2, Electric stimulation pattern. D3, Voltage clamp in same neuron showing muscimol induced a large transient inward current. E-J, GABA action and electrical stimulation effect can be synergistic depending on timing. E, Recorded cells received a subthreshold inward current of similar amplitude to depolarize at regular intervals. F, Subthreshold concentrations of muscimol also induced depolarization when administered between two electrical stimulation-induced depolarizations (RMP, Ϫ45 mV). The trace on the right side is the enlarged image of part of the trace to the left. G, Muscimol-induced depolarization when applied a few milliseconds before electrical stimulation. H, I, Muscimol initiated spikes only when applied immediately after the beginning of the inward current injection (top and bottom are different cells). J, At P15 and older, muscimol consistently induced hyperpolarization regardless of its timing relative to inward current injection-mediated depolarization, and did not lead to spikes at any relative time point (RMP, Ϫ58 mV).
CNQX (10 M) reduced the evoked spike frequency by 30 Ϯ 5.2% (P7-P9, Fig. 7C , n ϭ 6, ANOVA, p Ͻ 0.05). This suggests that at this stage of development, GABA is still the dominant excitatory transmitter, but glutamate also plays a minor excitatory role. When slices from older mice (P21) were tested, BIC did not block synaptically evoked spikes. Figure 7D shows subthreshold evoked EPSP before, during and after BIC and AP-5 ϩ CNQX respectively in P9 MCH neurons. BIC blocked the evoked EPSP. AP-5 and CNQX reduced the amplitude of the evoked postsynaptic potential by 28 Ϯ 5.8% (P7-P9, Fig. 7E , n ϭ 7, ANOVA, p Ͻ 0.05), thus supporting the view that GABA plays a greater depolarizing role than glutamate at this stage of development.
To evaluate the NMDA and AMPA contribution to the evoked EPSPs, AP-5 (50 M) and CNQX (10 M) were applied sequentially to the slice while the slice was stimulated electrically. The time-voltage integral (area of EPSP) of EPSPs was 28 Ϯ 3 mV ⅐ s. BIC reduced the integral of evoked EPSPs to 32.3 Ϯ 4.4% of control (P7-P9, n ϭ 12, ANOVA, p Ͻ 0.05, Fig.  7F ). AP-5 reduced the integral of evoked EPSPs to 72 Ϯ 5.0% of control, CNQX reduced the area of evoked EPSPs to 77 Ϯ 5.2% of control; the attenuation mediated by the AMPA receptor antagonist CNQX was not significantly different from the one induced by the NMDA receptor antagonist, AP-5. These results suggest that GABA plays a greater depolarizing role than glutamate acting at either NMDA or AMPA receptors during neonatal development in terms of generation of action potentials, and that GABA's depolarizing action is relatively independent of the NMDA receptor.
Discussion
Glutamate is the dominant excitatory transmitter in the mature hypothalamus (van den Pol et al., 1990) . In mature MCH neurons, most synaptic input is inhibitory (van den Pol et al., 2004) . In contrast, when the synaptic input to developing MCH neurons was examined, GABA accounted for the majority of excitatory synaptic activity during development, with glutamate playing only a minor role. This was not a general feature of hypothalamic development, but was a particular feature of inhibitory MCH neurons, because the nearby excitatory hypocretin cells showed substantially more glutamatergic synaptic activity at the same stages of brain development.
GABA is primary excitatory transmitter in developing MCH neurons, and is independent of the NMDA receptor GABA plays a key role in developing hippocampal pyramidal cells where it reduces the voltage-dependent Mg 2ϩ block of the NMDA receptor by initiating a depolarization, allowing a strong glutamate-mediated giant depolarization (Ben-Ari et al., 1989; Ben-Ari, 2002 ). In contrast, synaptic glutamate activity played a relatively minor role in depolarizing developing MCH neurons. Both spontaneous and evoked synaptic activity was primarily GABA-mediated. Action potentials could be generated by muscimol application, or by evoking synaptic release of GABA, and the synaptically evoked spikes could be blocked with the GABA-A receptor antagonist BIC, but not by glutamate receptor antagonists AP-5/CNQX. Where BIC reduced the giant depolarizing potential in hippocampal pyramidal cells, it blocked synaptic depolarization in developing MCH neurons. The glutamate receptor antagonists AP-5 and CNQX failed to block synaptic depolarization in the young MCH cells. Together, these data suggest that, unlike the hippocampus where GABA plays a supportive role for activation of the NMDA receptor (BenAri et al., 1989; Leinekugel et al., 1997) , in the MCH neurons, GABA synaptic activity plays a direct excitatory role, independent of glutamate-mediated excitation. The independence of GABA actions from the NMDA receptor may generalize to other hypothalamic GABA systems including the suprachiasmatic or arcuate neurons with long projection axons and strong GABA synaptic input.
The primary mechanism for the early depolarization and inward current evoked by GABA was due to Cl Ϫ movement out of the cell. However, in more mature MCH neurons, after an initial hyperpolarization, cells sometimes showed a secondary depolarization in response to GABA agonists. In contrast to the Cl Ϫ -dependent mechanism in developing MCH neurons, the mechanism for the secondary depolarization in more mature MCH cells appeared to be based on bicarbonate. Previous studies in the hippocampus showed that a bicarbonate-free HEPES buffer would block the depolarizing action of bicarbonate ions (Grover et al., 1993; Staley et al., 1995) , and we found that the GABA-mediated depolarization in older neurons, but not immature neurons, was blocked by an extracellular HEPES buffer. These data further suggest that even in mature MCH neurons, GABA can still depolarize, but by a mechanism different from the one found in developing MCH neurons. Whether this depolarization in adult MCH cells leads to spike generation would depend on the ongoing activity of the cell and other synaptic input.
Developmental difference in GABA response from dendrite and soma In early development, microapplication of GABA agonist to dendrite or soma gave the same depolarizing response. However, between P10 and P12, the response to GABA was hyperpolarizing in the cell body, but depolarizing in the dendrites of the same cell, suggesting that during this period, the Cl Ϫ concentration in dendrites was greater than in the soma. One hypothetical mechanism for this may be that an inward Cl Ϫ transporter such as NKCC1 may be expressed in greater density in dendrites, leading to a higher local concentration of Cl Ϫ , or that with similar densities of transporter, the smaller volume of the dendrite may reveal active Cl Ϫ transport more readily than would be found in the soma where the volume to surface area ratio is greater. In mature MCH neurons, dendrites and perikaryon responded to GABA similarly, with hyperpolarization. This contrasts with the cortex, where dendrites of mature neurons can show a depolarizing response to GABA whereas the cell body shows a hyperpolarizing response (Gulledge and Stuart, 2003) .
Timing is critical for GABA excitation
Early actions of GABA can generate a depolarizing potential leading to action potential generation, or can produce shunting inhibition in developing MCH neurons. In contrast, in mature neurons, GABA evokes an initial hyperpolarizing response with a subsequent depolarizing action. A key mechanistic factor that determines whether GABA depolarization leads to spike induction or inhibition is the timing of the GABA-mediated event relative to other events. We show that GABA-mediated depolarization can summate with another depolarizing event to produce spikes, but primarily during the period when the GABA-induced decrease in membrane input resistance has returned toward its elevated control level, but while the membrane potential is still depolarized. Because many of the GABA-opened Cl Ϫ channels rapidly close, the input resistance recovers while the cell is still depolarized, enhancing the summation of GABA with other depolarizing activity leading to spike generation.
The depolarizing response of immature MCH neurons to GABA raises the question of whether GABA is released during this period. GABA is secreted early in neuronal development; the growth cones of developing hypothalamic axons release GABA even in the absence of a postsynaptic partner (Gao and van den Pol, 2000) , and growth cones of unidentified hypothalamic neurons respond to GABA application (Obrietan and van den Pol, 1996) .
Relevance to development and energy homeostasis
Here we found that the MCH promoter was active in embryonic development (E18 or earlier), leading to selective expression in cells and axons in the hypothalamus. During early development, feeding is generally upregulated and food intake is relatively continuous (Hall and Rosenblatt, 1978; Blass and Teicher, 1980; Matheny et al., 1990) . As MCH neurons increase food intake, it is interesting to note that GABA generates an excitatory tone to the MCH neurons that is lost as animals develop and feeding is reduced. The membrane potential of developing MCH neurons is substantively depolarized compared with the mature neuron. That MCH cells may play an early functional role is further suggested by the appearance of MCH in neurons in the brains of embryonic fish at 36 h post-fertilization (Mancera and Fernández-Llebrez, 1995) . In humans, MCH cells are identifiable as early as in the 7 week fetus (Bresson et al., 1987) ; in rat MCH cells are detectable by E16 (Steininger et al., 2004) . Neuropeptide modulation of feeding has been described early in development, even at birth (Capuano et al., 1993 ). An interesting model of developmental changes in circuitry regulating food intake, not mutually exclusive from our work on MCH neurons, found that neuropeptide Y (NPY)-mediated inhibition of GABA input to the paraventricular nucleus (PVN) was reduced in the mature brain compared with P7-P9, leading to the suggestion that there was a reduced NPY attenuation of inhibitory circuits with maturity (Melnick et al., 2007) . Although we have not tested PVN neurons, our results suggest an additional interpretation, that if the P7-P9 rat PVN is similar to the developmental pattern found here in MCH cells, then the strong NPY presynaptic inhibition at this early stage may actually have reduced excitatory (GABA), not inhibitory, tone in the P7-P9 PVN.
In summary, our results show an increased level of excitatory synaptic input to developing MCH neurons that is primarily GABA-mediated. We speculate that this may contribute to MCH release during early brain development.
